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(57) Abstract 

A device for performing, individually or in combtnaticm with each other, the functions of voltage control, power factor conection, 
current limiting and harmonic filtering at a networlc, with a line voltage Uo and a load voltage U, with tiie aid of a control voltage AU. 
The device comprises a controllable reactor comprising at least one control winding (7) and at least one power winding (5) for generating 
the control voltage AU, as well as a control unit (10) which, via at least one power amplifier (9), delivers a control cunent I« to the control 
winding. The power winding is connected in series witfi the load (2) and through it flows a load cunent lo. A measuring member (8) 
senses the magnetic flux (^) of the controllable reactor and delivers a flux voltage V$ proportional thereto. Via measuring members, those 
signals which correspond to the line voltage Uq. the load voltage U, the control voltage AU, the load current lo and the flux voltage \9 
arc fed back to the control unit which, in dependence thereon, via the power amplifler(s). delivers such a connot cuirent U lo the control 
winding that the control voltage AU induced in the power winding stq>plements the line voltage Uo such that the relevant functions or 
function are/is achieved. 
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TECHNICAL FIELD 

5 The present invention relates to a device coir?>rising a 

controllable reactor by means of which the voltage, phase, 
current , harmonic content , etc , , of an ac network may be 
influenced. The controllable reactor comprises a power winding 
and a control winding which surround the same magnetic flux. 
10 The device also. comprises a control and supply circuit for the 
control winding. 

BACKGROUND ART, THE PROBLEM 

15 During transmission of electric energy by means of alternating 
current, in a plurality of situations a need of correcting the 
voltage, the phase, the current and the harmonic content 
arises. Typical exaxcples are: 

20 Voltage control: The voltage is to be adjustable upwards or 
downwards, or the voltage is to be kept constant during 
varying loads; 

Power factor correction: The phase position between voltage 
25 and current is to be changed; 

Current limiting: The current is to be limited when exceeding 
a predetermined value; 

30 Harmonic filtering: Currents with a frequency different from 
the fundamental of the alternating voltage, also current 
pulses, are to be damped. 

For low voltages and currents this can be easily achieved in 
35 many different ways, often with the aid of electronics. 

However, technical solutions which function satisfactorily in 
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the low-voltage field can seldom be used directly for voltages 
and currents which are typical of electric energy trans-. 
mission. The amount of energy which is released during a 
control operation would lead to rapid wear of components 
5 included in the equipment, and the locally high electric field 
strength may lead to electrical breakdown of insulating 
material. For example, the rotary transformer/ which serves as 
a simple, robust and practically stepless voltage control for 
low voltage, is no alternative for voltage control of power 
10 transformers. In that case, a voltage control is achieved with 
on- load tap changers which make it possible to choose between 
a n\imber of terminals of the control winding of the trans- 
former. On- load tap changers are mechanically complicated 
designs and cause a large part of the transformer breakdowns. 



15 



20 



25 



30 



Power factor correction require controllable inductances or 
capacitances. Also here, the solutions of the low-voltage 
field, for example rotary variable capacitors as controllable 
capacitances, cannot be used. What is chosen is instead a 
step-by-step connection or disconnection of inductances or 
capacitances with the aid of circuit breakers and/or power 
electronics. To be able to control with small steps, a large 
number of connection units, for example circuit breakers, are 
needed . 

Harmonic filtering may be performed with permanently installed 
filter circuits, or with stepwise connection or disconnection 
of filter elements in the same way as described above for 
power factor correction. Also active filtering with feedback 
and use of power electronics occurs within some special fields 
of use. 



35 



Current limiting is carried out either by directly breaking 
the current, for example with a circuit breaker, or by placing 
a device in the circuit, which functions as a variable impe- 



wo 97/34210 



PCT/SE97/00424 



3 

dance, for example an inductance which may be changed by- 
changed premagnetization of the core. 

Although the control cases mentioned above have one common 
5 feature, namely, to add to a given current /voltage a correc- 
ting current /voltage, solutions according to the prior art 
require specifically designed equipment. If only one frequency 
is considered, it is a question of addition of conplex current 
and voltage values. Power factor correction and voltage con- 
10 trol are two special cases of this addition, 

,0 ■ ■ 

SUMMARY OF THE INVENTION 

A device according to the invention solves the problem of 
15 carrying out, in a stepless manner, voltage control, power 
factor correction, harmonic filtering and current limiting 
using one and the same piece of equipment. By coinbining a 
conventional on-load tap changer with at least one device 
according to the invention, the problem with arcing arising in 
20 the on-load tap changer can be considerably reduced and 
voltage levels between the positions of the on-load tap 
changer be chosen continuously, 

A device according to the invention will normally be used in 
25 connection with a network, the line voltage Uq of which is to 
be supplemented with a control voltage AU before it reaches to 
a load which places high demands on the feeding voltage, 
referred to below as load voltage U. Normally, the load is a 
network comprising a number of load objects. By being able to 
30 combine voltage control, power factor correction and harmonic 
filtering, a device according to the invention may maintain 
the load voltage with unchanged air?>litude, phase shift between 
voltage and current and harmonic content even if the load 
contains greatly varying resistive, reactive and non-linear 
35 loads. Upon exceeding a fixed maximum current to the load, the 
device may, in addition, limit this current. 
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For each phase of the network, a device according to the 
invention comprises at least one control winding and at least 
one power winding with a common magnetic flux <1> which is 

measured with a transducer, preferably a measuring coil 
5 surrounding the same magnetic flux. The current Iq through the 
power winding and the load, referred to below as a load 
current, the line voltage Uo# the load voltage U and the 
voltage across the power winding which constitutes the above- 
mentioned control voltage AU are measured with the aid of 
10 suitable measuring meauis and are supplied to a control unit 

together with a signal corresponding to the magnetic flux, for 
example the voltage of the measuring coil, referred to below 
as the flux voltage V(I>. The control unit controls a power 

amplifier which supplies the control winding with a control 
15 current Is- The relationship between the measured values Io# 
AU, UO/ U, VO and the control current is determined by the 
desired function of the device. 

Depending on the phase angle of the control voltage AU added 
20 to the line voltage \Jq, power may flow in both directions 

between the power amplifier and the control winding. Thus, the 
power source of the power amplifier must be able both to 
deliver and receive power. If the voltage and/ or power values 
become too large to be handled by a single power ait^lifier, 
25 the control winding may instead be sectioned with one power 
amplifier for each section and a common control unit for all 
the power an^lifiers be used. 

In its fxmction as voltage-control equipment, the power 
30 amplifier delivers a control current which gives rise to a 
control voltage +/- AU in the power winding, depending on 
whether the load voltage is to be increased or decreased. In 
the case of power factor correction, a control voltage AU is 
instead achieved which is phase-shifted by +/- n/2 in relation 
35 to the line voltage Uq . A combination of power factor correc- 
tion Eind voltage control means an arbitrary phase angle of the 
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control voltage AU which can also be expressed as a complex 
voltage which is added to the line voltage Uq.. 

In the function as a current limiter, a control current Is is 
5 fed to the control winding which* for a load current Iq 

through the power winding which falls below a predetermined 
xnaxixmim value » results in the magnetic flux O disappearing. 

Then the control voltage AU across the power winding is 
reduced to the normally negligible resistive voltage drop. 

10 This is equivalent to a transformer with a short-circuited 

superconducting secondary coil which becomes traversed by the 
secondary current v^ich causes the magnetic flux to disappear. 
This method is used in the patent 94/01470-1 S£ for active 
deunping of magnetic fields. If the load current Iq exceeds the 

15 maximum value, the control current is no longer increased in a 
corresponding way but is maintained at a value corresponding 
to the maximum value. This means that the magnetic flux O 
becomes different from zero. For a load current Iq through the 
power winding which exceeds the maximum value, a device accor- 

20 ding to the invention functions as a reactor which limits this 
current by achieving an inductive voltage drop across the 
power winding. By subsequently reducing the control current Is 
to zero, the device functions as a current- limiting reactor 
with a considerable indue tcuice. 

25 

In the function as a harmonic filter, the control winding is 
fed with a control current which only contains the fundamental 
of the line voltage with a current intensity which is so 
adapted that the fundamental coxnponent of the magnetic flux 

30 disappears. The load current through the power winding then 
only ''sees" one, in practice negligible, resistive load for 
the fundamental, but an inductive load for all the harmonics 
and also other disturbances, for exeunple current pulses. A 
device according to the invention is thus made to function as 

35 a bemdpass filter with the fundamental frequency as the centre 
frequency. The control unit may also be caused to give a con- 
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trol current in opposition to current components through the 
power winding which do not belong to the fundamental; the 
device then functions as an active filter. 

5 With a device according to the invention, it is possible to 
carry out the functions individually as described above. By 
Fourier series expansion of the control current Ig and super- 
imposing selected frequencies on the control winding, it is 
furthermore possible to simultaneously carry out the functions 

10 in an optional combination with each other by controlling the 
different Fourier components of the control voltage AU with 
the Fourier coit^onents of the control current Ig. It is thus 
possible, for example, to carry out voltage control as well as 
power factor correction on the fundamental of the line voltage 

15 Uo while simultaneously carrying out harmonic filtering on the 
other frequency components. 

The invention may be regarded as an improvement of a so-called 
booster transformer, where the galvanic coupling between a 
20 winding of an excitation transformer and a winding of a series 
transformer, which only permits voltage control, is replaced 
by the control unit and the power amplifier. In this way, the 
plurality of control functions already described may be 
achieved . 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a device according to the invention, connected 
to a network in the form of a power transformer and a load. 

30 

Figure 2 shows the relationship between uncorrected and 
corrected voltage in a vector diagram. 

Figure 3 shows a non- sinusoidal line voltage, the control 
35 voltage of the device and a load voltage after filtering. 
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Figures 4a and 4b show schematically combinations of an on- 
load tap changer with one or more devices according to the 
invention. 

5 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Figure 1 shows a device according to the invention, which is 
connected between a network in the form of a power transformer 
1 and a load 2, symbolized by a resistor. The load 2 may 

10 consist of a network comprising a plurality of consumers. The 
power transformer has a primary winding 3 euid a secondary 
winding 4. The voltage of the secondary winding coirresponds to 
the above-mentioned line voltage Uq . In a preferred embodi- 
ment, the device comprises an iron core 6 with a power winding 

15 5, a cbntrol winding 7 and a measuring winding 8 for deter- 
mining the magnetic flux O in the iron core. The power winding 
is connected in series with the secondary winding and the 
load, and a load current Iq flows in the circuit. The control 
winding is fed from a power amplifier 9 which is controlled 

20 from a control unit IQ. The power amplifier and the control 
\init are fed with current from a current supply device 11, 
which in turn is fed from an auxiliary winding 12 of the power 
transformer 1. This has the advantage that the frequency of 
the power supply corresponds to the frequency of the current 

25 in the control winding, which may simplify the design of the 
power amplifier- The voltage supply to the current supply 
device may also take place directly from the primairy or 
secondary winding of the transformer. 

30 Via suitable measuring means, the line voltage Uq, the load 
voltage U, the load current Iq and the voltage V<I> across the 
measuring winding, which is proportional to a magnetic flux <I> 
common to the power winding amd the control winding, are fed 
back to the control unit. Since AU and U fulfil the equation 

35 AU s U - UQ/ also the combinations AU and Uq or AU and U may 
be supplied to the control unit instead of the combination U 
and Vq, depending on which combination of measurements is 
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simplest to achieve. In that case, it is also necessary for AU 
to be measured; this is indicated in dashed lines in Figure 1. 

According to the invention, the control unit is to be 
5 programmed such that, on the basis of the feedback signals and 
otherwise well-known relationships between these, it achieves, 
via the power anplifier, the control current Ig to the control 
winding which is needed for the control voltage AU to become 
the proper supplementation of the line voltage Uq for the 
10 application in question. As described, the application may be 
voltage control of the load voltage U at varying line voltage 
and/or load, power factor correction, current limiting, 
filtering, etc., or some combination thereof. 

15 In case of voltage control with respect to amplitude, the 

control voltage corresponds to the an^litude of that control 
error which is obtained on a coitparison between the desired 
amplitude |u| and the actual amplitude of the load voltage, 
that is, I AU| = |U| - |Uo I . With access to the number of winding 

20 turns of the control and power windings and other data for the 
magnetic circuit, the relationship between the flux O for a 
given AU and the relationship between the flux O and the 
control current Is# respectively, may be determined. This 
means that the control unit, via the power amplifier, may 

25 generate that control current Is which gives a flux propor- 
tional to AU, in phase with or in opposition to the line 
voltage Uq, in the power winding. 

With access to the relationship between the line voltage Uq 
30 and that control voltage AU with phase +/- TC/2 relative to the 
phase of the line voltage which is needed for a given power 
factor correction of the phase of the load voltage, the AU 
necessary for a desired power factor correction may be deter- 
mined. The amplitude of the relevant load voltage is then 
35 determined from the relationship |U| 2= |uo |AU| 2 . when AU is 
determined, the control unit can generate the required control 
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current via the power amplifier in the same way as described 
above. 

A frequently occurring control case is that the load voltage U 
5 has to be controlled both in aniplitude euid in phase relative 
to a line voltage Uq. The task thus comprises, according to 
Figure 2, determining the AU, both from the amplitude and the 
phase point of view, which is needed for the vectorial sxam of 
Uo and AU to correspond to the desired load voltage U. If the 
10 desired load voltage U is phase-shifted by em angle <p relative 
to the line voltage Uo# the amplitude of AU is determined 
according to 

|AU|=V ( ( |U|cos <p - Juol )^ + ( |U|sin <p )^ ) 

15 

and the phase shift a between AU and Uq is determined from 
a = arctan ( ( |U| sin q» / { |U|cos <p - |Uo|)) 

20 With AU determined in this way, the control unit may generate 
the required control voltage via the power amplifier, in the 
same way as described cd>ove. 

When a device according to the invention is to function as a 
25 current limiter, it is a precondition that, at a load current 
lO less than an allowed maximum current lOmaX' shall have 
as small an influence on the circuit as possible. The control 
unit is therefore adapted such that, at a load current less 
than the maximum current, it generates and adapts such a 
30 control current Is that the resultant flux from the control 
winding euid the power winding is zero. This means that, at 
maximum load current lOmax* there is a corresponding maximum 
control current Ismax- At zero flux, the control voltage AU 
across the power winding will consist of the normally negli- 
35 gible resistive voltage drop caused by the relevant load 
current and the resistance of the power winding. 
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In a preferred einbodiment as a current limiter, during a 
transition stage after the load current has exceeded the 
maxim\ixn current, the control unit is adapted to maintain the 
maximum control current Ismax- Because the load current 
5 becomes greater than iQmax' during the transition stage the 
flux will become different from zero which meajis that the 
circuit will have a limited addition of inductance. By redu- 
cing the control current to zero after the transition stage, 
which may amount to some twenty or thirty milliseconds , the 
10 device will ftinction as a current limiting reactor with a 
consideraddle inductance. 

In an. alternative embodiment as a current limiter, the 
reduction of the control current may take place immediately 
15 after the load current tends to exceed the mcocimum current, 
that is, the above-mentioned transition process is excluded. 

The principle of the use of a device according to the inven- 
tion as an active filter is clear from Figures 3a, b and c. 

20 Figure 3a shows a non-sinusoidal line voltage Uq as a function 
of time t. The control unit is arranged with a Fourier filter 
which produces the sinusoidal fundamental conqponent of the 
line voltage and forms that control voltage AU, shown in 
Figure 3b, which corresponds to the difference between the 

25 releveoit line voltage and its sinusoidal fundamental coinpo- 
nent. With access to the necessary control voltage AU, in the 
same way as above, that control current Is may be generated 
which, via the power amplifier, gives a flux in the power 
winding proportional to AU • 

30 

When using the device as a passive filter for the fundamental 
component of a line voltage, the control voltage AU is to 
correspond to the fundamental component and the amplitude of 
the line voltage, which may both be extracted from the above- 
35 mentioned Fourier filter. In the same way as above, also in 
this case that control current Is niay be generated which, via 
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the power amplifier, gives a flux in the power winding propor- 
tional to AU. 

Figure 4a and Figure 4b show schematically how at least one 
5 device according to the invention nay be used for stepless 
voltage control together with an on- load tap changer of a 
power transformer or a reactor. In Figure 4a the terminals of 
an on-load tap changer are symbolized by the rings 13. The 
voltage step between two terminals is 5u. Two consecutive 

10 terminals, each with a respective device according to the 

invention, symbolized by the coils 14 and 15, are connected to 
the point 16, where the voltage may be varied in a stepless 
manner between the voltage of the two terminals by the lower 
device 15 delivering a control voltage AUi = a5u and the upper 

15 device a control voltage AU2 = (a-l)5u, with 0 < a < 1. In 

Figure 4b, one of the devices is replaced by a direct connec- 
tion 17 which is only connected when the device 16 provides 
the same control voltage AU as the voltage step Su between the 

terminals, such that the point 16 and the upper terminal lie 
20 on the same voltage. 

Also other connect:ions between an on-load tap changer and at 
least one device according to the invention are feasible. 

25 Connecting an on-load tap changer xn .this way to at least one 
device according to the invention entails several advemtages: 

Contacts may be opened and closed in a voltage- free and hence 
discharge- free manner; 

30 

The voltage of a power transformer or a reactor may be 
controlled in a stepless manner; 

The on-load tap changer may be designed with fewer terminals. 



35 
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A device for control of the voltage of the power transformer 
need only be dimensioned for one voltage step between the 
terminals. 

5 In addition to the examples stated ahove, closely related 
fields of use as well as combinations thereof may be used 
within the scope of the invention. Thxis, for exaii^le, a device 
according to the invention may be used at the same time for 
both power factor correction and filtering. 



10 
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CLAIMS 

1. A device for performing, individually or in combination 
with each other, the functions of voltage control, power 

5 factor correction, current limiting and harmonic filtering at 
a network, with line voltage Uq* for feeding a load {2) , which 
may comprise a plurality of consumers, with a load voltage U, 
with the aid of a control voltage AU and wherein the device 
comprises a controlled>le reactor conprising at least one 

10 control winding (7) and at least one power winding (5) for 
generating the control voltage AU, as well as a control unit 
(10) which, via at least one power an¥>lifier (9) , delivers a 
contrpl current Is to the control winding, and wherein the 
power winding is connected in series with the load, and 

15 wherein a load current lo flows through the power winding and 
the load, and wherein a measuring member (8) is adapted to 
sense the magnetic flux (O) of the controllable reactor and to 
deliver a flux voltage V4> proportional to the magnetic flux, 
characterized in that, via measuring members, those signals 

20 which correspond to the line voltage Uq, the load voltage U, 
the control voltage AU, the load current Iq cuid the flux 
voltage VO are fed back to the control unit which is 
programmed such that, on the basis of the feedback signals, it 
delivers via the power an^lifier(s) such a control current Is 

25 to the control winding that the control voltage AU induced in 
the power winding supplements the line voltage Uq such that 
the relevant functions or function are/ is achieved. 

2. A device for voltage control according to claim 1, 

30 characterized in that a control error arisen during voltage 
control constitutes a control voltage AU and that the control 
unit (10), via the power amplifier (9), is adapted to generate 
a control current Is which provides a magnetic flux <&, 

proportional to AU, in phase with or in opposition to the line 
35 voltage Uq, such that Uq + AU = U corresponds to the desired 
load voltage U, 
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3. A device for power factor correction according to claim 1, 
characterized in that the control unit (10), via the power 
amplifier (9), is adapted to generate a control current Is 
which corresponds to a magnetic flux <!>,' which results in a 
5 control voltage AU which is phase-shifted relative to Uq by 
+/- K/2, such that the voltage amplitudes, symbolized by | | , 
fulfil the equation JUoP + |Au|2 .|u|2 where U is the 
desired load voltage. 



10 4. A device for voltage control and power factor correction 

according to claim 1, characterized in that the control \init 
(10) , via the power amplifier (9) , is adapted to generate a 
control current Is which corresponds to a magnetic £lux 

which results in a control voltage AU which has such a pheuse 
15 and aitplitude that the load voltage U is given a desired 
aziplitude |u| and a desired phase shift cp towards the line 

voltage Uq- 

5. A device for current limiting according to claim 1, 
20 characterized in that the control unit (10), via the power 
axnplifier (9), is adapted to generate a control current Is to 
the control winding which, for a load current Iq through the 
power winding which falls below a given maximum value iQmsuc* 
results in the magnetic flux <I> disappearing but which for a 
25 load current Iq which exceeds the given maximum value does not 
exceed the corresponding maximum value Ismax of the control 
current euid where the same control current Is within a few 
tens of milliseconds drops to zero. 

30 6. A device for current limiting according to claim 1, 

characterized in that the control unit (10), via the power 
anqplifier (9), is adapted to generate a control current Is to 
the control winding which, for a load current Iq through the 
power winding which falls below a given maximum value, results 

35 in the magnetic flux * disappearing but where the same control 
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current Ig for a load current Ig which exceeds the given maxi- 
mum value is immediately reduced to zero. 

7. A device for passive harmonic filtering according to claim 
5 1, characterized in that the control unit (10), via the 

power amplifier (9), is adapted to generate a control current 
Is which only contains the sinusoidal fundamental component of 
the line voltage and that the amplitude of the control current 
is such that the fundamental component of the magnetic flxix ' 
10 disappears. 

8. A device for active hainnonic filtering according to claim 
1, cbaracterized in that the control unit (10) « via the 
power air^lifier (9), is adapted to generate a control current 

15 Is which only contains the sinusoidal fundamental component of 
the line voltage, that the ainplitude of the control current is 
so great that the fxmdamental component of the magnetic flux 
disappears and that the control current, in addition, contains 
the harmonics of the load current Iq in opposition. 

20 

9. A device according to any of claims 1 to 8, characterized 
in that the control winding is sectioned into part -windings . 

10. A device according to claim 9, characterized in that a 
25 power amplifier (9) is arranged for each part-winding of the 

control winding. 

11. A device according to any of claims 1 to 4, characterized 
in that it is arranged together with at least one on-^load tap 

30 changer of a power transformer or a reactor for voltage con- 
trol between the terminals (13) of the on-load tap changer. 

12. A device according to any of claims 1 to 11, 
characterized in that the device is arranged adjacent to a 

35 power transformer (1). 
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13. A device according to claims 12, characterized in that 
the power supply to the power amplifier (9) takes place with 
at least one auxiliary winding (12) of the power transformer 
(1) . 

5 

14. A device according to claims 12 « characterized in that 
the power supply to the power air5)lifier (9) takes place from 
the primary or secondary winding of the power transformer. 

10 15. A device according to any of claims 1 to 14, 

characterized in that the control winding and the power 
winding are woiind on a common core (6) of magnetizable 
materiial . 
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